One contribution of 18 to a theme issue 'Human influences on evolution, and the ecological and societal consequences'. Fragmentation-the process by which habitats are transformed into smaller patches isolated from each other-has been identified as a major threat for biodiversity. Fragmentation has well-established demographic and population genetic consequences, eroding genetic diversity and hindering gene flow among patches. However, fragmentation should also select on life history, both predictably through increased isolation, demographic stochasticity and edge effects, and more idiosyncratically via altered biotic interactions. While species have adapted to natural fragmentation, adaptation to anthropogenic fragmentation has received little attention. In this review, we address how and whether organisms might adapt to anthropogenic fragmentation. Drawing on selected case studies and evolutionary ecology models, we show that anthropogenic fragmentation can generate selection on traits at both the patch and landscape scale, and affect the adaptive potential of populations. We suggest that dispersal traits are likely to experience especially strong selection, as dispersal both enables migration among patches and increases the risk of landing in the inhospitable matrix surrounding them. We highlight that suites of associated traits are likely to evolve together. Importantly, we show that adaptation will not necessarily rescue populations from the negative effects of fragmentation, and may even exacerbate them, endangering the entire metapopulation.
Introduction
Most of the Earth's natural ecosystems are becoming increasingly fragmented, as the growing human population converts land for agriculture, industry, transportation and infrastructure [1] . Although naturally fragmented habitat is often associated with processes that maintain or increase biological diversity [2] , anthropogenic fragmentation is considered a major threat for biodiversity and, therefore, a primary concern in conservation biology [3] . The effects of fragmentation have historically been studied using the framework of island biogeography [4] . However, more recent work has broadened this scope to include population genetics [5] , metapopulation [6] and metacommunity theory [7] .
It is now well established that fragmentation can result in species losses from individual fragments that are too small to support viable populations, and that this makes species more vulnerable to eventual extinction [8] . Even when species are able to persist in the short term, a substantial body of theory and empirical work has shown that prolonged reduction in population size threatens longterm persistence through a series of predictable demographic and population genetic effects [9] . This has led to conservation recommendations for saving populations from extinction, such as connectivity restoration [10] .
A far less studied question is whether populations evolve in response to anthropogenic fragmentation, potentially mitigating some of its negative effects in a form of evolutionary rescue. Many life-history traits have been considered as adaptations to long-term natural fragmentation. For example, the 'competition/ colonization' trade-off posits that organisms occupying ephemeral fragments are good colonizers but poor competitors, whereas those occupying more stable habitat are good competitors but poor colonizers. One of the best-studied examples is the fritillary butterfly Melitaea cinxia, which occupies naturally fragmented meadow habitat in which small patches undergo frequent local extinctions and recolonizations [11] . Decades of work by Hanski et al. [6] have demonstrated how these metapopulation dynamics have affected the evolution of flight ability.
The extent to which adaptation to natural fragmentation predicts adaptation to anthropogenic fragmentation depends on how similar the two are in spatial and temporal scale. Rock pools in the desert, island archipelagos, rocky outcrops in savannah plains and river estuaries, catchments and banks may have similar spatial dimensions as urban green areas, nature reserves or larger green areas intersected by highways and larger scale deforestation. The stability of fragments is also an important issue. Some naturally fragmented habitats, especially those driven by edaphic variability (e.g. serpentine outcrops) are stable over long time scales. Other naturally fragmented habitats are more ephemeral, driven by regular disturbance, such as fire or death of mature trees creating forest gaps, and associated with successional dynamics. Landscape alteration by human activity is likely to last decades or longer, and can happen rapidly. Importantly, anthropogenic fragmentation is likely to introduce novel selection pressures for species adapted to spatially continuous habitats. Until recently, adaptation to anthropogenic fragmentation was considered unlikely as evolutionary processes were thought to be inefficient over timescales of a few decades [12] . Yet recent empirical studies have demonstrated that adaptation of life-history traits can occur on short time scales [13] . Our review explores the potential for adaptation to anthropogenic fragmentation. We focus on the following questions:
Q1. What are the effects of fragmentation that are likely to alter selection or selective responses? Q2. What are the potential adaptive responses to fragmentation? Q3. What is the empirical evidence for adaptation to anthropogenic fragmentation?
Effects of fragmentation (a) Physical effects
The two defining effects of habitat fragmentation are physical: reduction in the size of habitat patches and increase in their spatial isolation. Variation in the size and shape of the fragments and the matrix between them result in a variety of fragmented landscapes. These landscape configurations in turn affect the extinction-colonization dynamics of the network of populations ( [13, 14] ; figure 1). At one extreme the original habitat can appear largely intact, but be crisscrossed by two-dimensional features (figure 1). For example, large tracts of otherwise intact boreal forest in northern Canada are dissected by narrow cut lines used for seismic surveying [15] . Such fragmentation may not interfere with dispersal among patches, but will introduce edge effects, whereby conditions from the surrounding matrix penetrate patches. Edge effects create edge habitat that is a mix of core and matrix characteristics, e.g. forest fragment edges often experience increased light, temperature, wind and desiccation from the surrounding deforested matrix [8] . Smaller patches are also more prone to environmental fluctuations and extreme events [8, 16] . As the extent of the matrix grows, reduced patch size and interpatch dispersal result in smaller effective population sizes within fragments, with a variety of well-studied demographic effects (figure 2). At the genetic level, small populations are more prone to genetic drift and inbreeding [17] . Drift erodes genetic diversity, reducing populations' ability to cope with novel environments. Inbreeding depression further reduces fitness if populations carry significant genetic load, as may be likely for species that encounter sudden population reductions under rapid fragmentation [18] . Small populations can also experience emergent fitness reductions that increase as population size declines, known as Allee effects [19] . For example, social species can be more prone to predation if sensory systems fail, or less successful at cooperative hunting [20] . Fitness reductions from drift, inbreeding depression and Allee effects can further reduce population size-a potentially dangerous feedback loop known as an extinction vortex [21] . Small populations are more vulnerable to (local) extinction caused by stochastic events. These include environmental stochasticity (e.g. pathogen outbreaks [22] , prey declines, fire) and demographic stochasticity due to random fluctuations in birth rate, death rate and sex ratios [23] . Fragmentation's ultimate effect on the population dynamics of a given species depends on the degree to which dispersal among fragments is impeded ( figure 1 ). High dispersal can maintain a panmictic population even in severely fragmented landscapes (e.g. [24] ). Less frequent dispersal will result in metapopulation dynamics, where populations function somewhat independently, and patches experience regular extinction and subsequent recolonization [25] . Severe fragmentation will leave patches isolated like islands, where local extinctions will no longer be counterbalanced by colonization (figure 1, non-equilibrium scenario). The likelihood of dispersal in turn depends on the spatial extent of fragmentation (distance between patches) [25] , the ease with which individuals can disperse across the matrix (matrix permeability [26] ) and the species' dispersal ability. Thus, different species will perceive the same landscape differently.
(c) Community effects
As the physical and demographic effects of fragmentation affect species differently, they stand to disrupt species interactions, causing a cascade of community-level effects (figure 2). Numerous studies inspired by island biogeography have shown that small fragments loose species, especially large vertebrates and habitat specialists [8] . These local extinctions will affect both mutualistic and antagonistic species interactions. For example, documented declines in pollinators, seed dispersers and insectivorous predators from Amazonian forest fragments could decrease plant reproductive success while increasing herbivory [8] . Indeed, decreased pollinator populations and/or activity is one of the best-studied effects of fragmentation, and has been found to impede reproduction of pollinator-dependent plants [27] . Conversely, increased edge habitat can facilitate the intrusion of edge and matrix species into fragments. This may have particularly strong and negative community effects when the invaders are exotic, e.g. grazing by cows from surrounding agricultural land [28] . Such examples highlight how fragmentation might affect ecological networks through trophic cascades (reviewed in [29] ; see also [30] ).
Selection from fragmentation
The effects of fragmentation outlined above will generate various levels of selection on fragmented populations (figure 2). Some physical effects, e.g. edge effects, will alter the selective regime organisms experience at the local/patch scale. Others, such as increased patch isolation or temporal variability, will impose selection at the landscape/metapopulation scale. Community effects will be mediated by both local (extinction events) and landscape-level dynamics (colonization). Local and landscape-level selection will act on a broad variety of traits, which in some cases scale up to trait syndromes. Finally, the demographic and population genetic effects will alter how populations respond to selection. We discuss these various levels of selection below.
(a) Selection at multiple scales Adaptation in fragmented landscapes results from an interaction between adaptation to local conditions within patches (e.g. local demography) involving individual selection, and adaptation at the landscape scale involving both individualand metapopulation-level selection. The relative importance of local versus landscape processes depends on the frequency of dispersal among fragments and heterogeneity in patch size (figure 1). These two levels of selection, both at play in natural systems, may interact and are potentially in conflict (see §3b).
(i) Adaptation at the local scale
By reducing gene flow among patches, fragmentation may enhance local adaptation on a heterogeneous landscape. Heterogeneous selection among patches could be caused by abiotic factors (e.g. habitat deterioration, edge effects) or biotic factors (e.g. differential losses of mutualists). Local adaptation and drift can generate locally differentiated populations, even on short time scales. Lopez et al. [31] modelled the effect of fragmentation on local adaptation. When selection was heterogeneous among patches, patch isolation tended to increase mean fitness in large patches (approx. 100 individuals) as the result of more efficient local adaptation. By contrast, local adaptation had little effect in small patches (10 individuals) because of the predominant role of drift, which reduced overall fitness. These results suggest that an optimal migration rate might preserve both the evolutionary potential of fragmented populations and their ability to locally adapt.
(ii) Adaptation at the landscape scale
As a result of edge effects and smaller demographic and effective population sizes, a major effect of fragmentation is increased variability in abiotic conditions and demographic stochasticity (see §2b above). The resulting increased demographic fluctuations within patches (at the extreme leading to local extinctions from patches) result in landscapes that are both spatially and temporally heterogeneous. This should select for strategies that enable species to cope with heterogeneity. For instance, specialists may suffer more from habitat fluctuations than generalists, selecting for evolution of a generalist strategy. Life-history strategies that increase mean fitness by averaging fitness across the landscape [32] or minimizing the risk of global extinction through dispersal or dormancy (i.e. dispersal through time) [33] will be selected. When effective population sizes of fragments are small, several processes may select for dispersal among patches. Increased relatedness in small populations will increase inbreeding, potentially decreasing fitness via inbreeding depression [26] and competition among related individuals (kin competition) [34] . These might select for increased dispersal among patches as a way to avoid inbreeding depression [35] or to avoid competition with relatives [34] . Kin selection in small populations commonly selects for dispersal in models of dispersal evolution [36, 37] , but the extent to which it is a significant factor in natural systems remains unclear. Conversely, fragmentation is also expected to select against dispersal, as the hostile matrix among fragments increases the risk of dispersing (cost of dispersal [38] ). Increased dispersal cost can result from various processes, e.g. increased energetic costs of travel or likelihood of being lost in unsuitable habitats, and will select for strategies that minimize them, either by reducing dispersal among patches or reducing the cost of dispersal during travel [38] .
Interestingly, such conflicting selection pressures can result in dispersal polymorphisms (e.g. [39] ). Kin selection models demonstrate that variation in patch size itself can also generate varied selection on dispersal [40] . An asymmetric patch size distribution (many small and few large patches) may interact with variance in relatedness among individuals to select disruptively on dispersal, generating a dispersal polymorphism [40] . These theoretical results echo the many dispersal polymorphisms observed in natural systems [11] .
Models of adaptation at the landscape (metapopulation) level generally assume moderate colonization (see 'metapopulation scenario' from figure 1), such that occupied patches are at carrying capacity, which we know to be partially false in natural systems [6] . Ronce et al. [41] relaxed the saturation assumption and showed that extinction may select against dispersal because young patches may not have reached their carrying capacity. Non-dispersing morphs experienced less stringent local competition than in saturated patches, thus favouring reduced dispersal when extinction increases. Such a phenomenon may be frequent under anthropogenic fragmentation if patch turnover rate is high.
(b) Selection on traits and trait syndromes
Fragmentation will impose selection on populations, which may result in adaptation if populations have the adaptive genetic variation required to respond. Here we explore how selection might act; examples from the scant empirical literature to date are given greater attention in §4 and table 1. First, the direct physical effects of fragmentation could select for altered habitat use. Organisms that can successfully use edge and matrix habitat will have more habitat available and will be less isolated. Thus, fragmentation may select for increased niche breadth (i.e. a more generalist strategy), or a niche shift from core to edge habitat (figure 2). Alternatively, greater dispersal ability would enable individuals to bypass matrix habitat, enhancing access to a larger area of habitat. Although empirical data have yet to test for such selective effects at the population level, evidence that specialist species and those with poor dispersal are most negatively affected by fragmentation confirms at the community level that fragmentation could exert such selection [42] .
Increased isolation (greater extent or harshness of matrix between habitat patches) increases the cost and risk of dispersal, selecting against it [38] . On the other hand, good dispersers will gain access to more patches and thus more abundant and consistent resources. Furthermore, the first dispersers to recolonize patches gain a strong fitness advantage by escaping intraspecific competition. These conflicting selective pressures can result in fluctuating selection, where dispersal is high after initial colonization and declines subsequently [43] , or can help maintain a variable dispersal strategy [44] (table 1) . Dispersal can evolve through adaptation in morphology (e.g. seed dispersal structure or size, flight muscles, limb length), or behavioural traits (e.g. foraging, movement behaviour [45] ). Dispersal costs may also select on seemingly unrelated traits. For instance, in rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160037 Table 1 . Overview of empirical studies that have shown evidence for adaptation to natural and anthropogenic fragmentation. decreased dispersal: increased risk of dispersal due to increased extent or harshness of the matrix between patches fast evolution of reduced dispersal in Asteraceae species on islands after colonization [1] ; evolution of reduced dispersal in spiders in salt marshes of different sizes in European estuaries [3] ; evolution of flightlessness in insects (woodlands, deserts, islands, etc.) [5] reduced dispersal in Crepis sancta in less than 12 generations after colonization of soil patches in urban sidewalks [2] ; reduction of dispersal motivation in spiders from dune grassland fragments [4] ; reduced migratory behaviour in Oncorhynchus mykiss consecutive to river isolation [6] increased dispersal: increased colonization advantage of dispersal high dispersal in Western bluebirds colonizing disturbed areas and are replaced by phylopatric bluebird along the succession (over a 20 -30 years cycle) [7] ; sorting of dispersive genotypes in Aland archipelago metapopulations of glanville fritillary butterfly [9] evolution of flight-related morphology (with putative effect on dispersal) in a butterfly from recently fragmented grassland fragments [8] ; evolution of mobility related morphology (with putative effect on dispersal) in a grasshopper [10] ; selection for increased perceptual range in fragmented landscapes to reduce dispersal costs [11] demographic: Allee effects small populations unable to attract pollinators variable herkogamy and autonomous selfing in small and large populations of Gentianella germanica [12] physical: edge effects increased niche breath none none community: altered biotic interactions loss of antagonistic interactions and trait evolution evolution of reduced mobility by relaxed selection from predators on islands [13] reduced defense in Ambrosia artemisiifolia in free enemy invasive areas [13] ; rapid decrease in alewife gill-raker spacing caused by predation [14] loss of mutualistic interactions and trait evolution absence of specialist bee pollinators leading to reduced herkogamy and higher autofertility in Clarkia [15] evolution of selfing in Centaurium erythraea in the absence of pollinators [16] ; rapid evolutionary changes in seed size consecutive to bird disperser extinction [17] altered multitrophic interactions and coevolutionary dynamics morphological evolution in naturally clustered plants interacting with both herbivores and pollinators [18] ; phytoplankton composition modifies predator-driven life-history evolution in Daphnia [19] ; the mosaic of coevolution of plant -pollinator-herbivore interactions [20] (Continued.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160037 lesser prairie chickens strong mortality during dispersal across highways selected for increased reproduction during the breeding season [46] . Adaptation may also help offset some of the demographic effects of fragmentation. For example, altered behavioural strategies could evolve to lessen the impact of Allee effects (table 1). As Allee effects often result from the breakdown of sociality, they might select for reduced reliance on social vigilance, hunting, foraging or other activities [19] . Individuals in small populations, especially sessile species, may face a shortage of mates, which might favour less choosy mating systems. Indeed, self-compatibility and self-fertilization in plants is often associated with small population size [47] . Reduced male competition could lead to the reduction of sexually selected characteristics, as often seen in primarily selfing versus outcrossing plant populations [48] .
Secondary effects of fragmentation may select on traits in less predictable ways. Increases or decreases in local density will modify intra-specific competition [49] . Increased density, which might arise as a by-product of reduced dispersal, could select for increased competitive ability, especially at early life stages, or reduced offspring number. For instance, De Roissart et al. [50] demonstrated experimentally that reduced dispersal maintained high local densities, thereby selecting for stress resistance. When fragmentation alters mutualistic and/or antagonistic interactions the potential responses will be especially difficult to predict. Many studies quantify altered biotic interactions due to fragmentation, but we are unaware of any quantifying altered selection as a result. Potential responses could include evolution of increased niche breadth to reduce reliance on specialized mutualists or food sources, or altered habitat use to avoid new predators or competitors (table 1) .
Notably, considering the evolution of trait syndromes (i.e. several traits that influence each other) may radically change the expected evolutionary outcome from that based on single traits. A model by Cheptou & Massol [51] showed that when pollination varies randomly among patches, plants evolved either dispersal or uniparental reproduction, but not both. The model highlighted that constraints on the evolution of dispersal (e.g. lack of genetic variance) can make factors that classically affect dispersal (e.g. cost of dispersal) select for traits buffering patch heterogeneity, and vice versa. Thus, assessing adaptation to fragmentation by looking at a single trait alone may be misleading.
(c) Genetic constraints/facilitation on responses to selection
Whether the selective pressures outlined above result in adaptation depends on the amount of adaptive genetic variation in traits. Some theory suggests that key fitness traits would experience long-term stabilizing selection before fragmentation and so may not exhibit large standing variation [52] . However, empirical evidence suggests that even key fitness traits can show significant heritability (e.g. mating system traits heritability: 0.3-0.4 [53] , dispersal related traits heritability: 0.2-0.5 [45] ), which would facilitate a rapid evolutionary response to fragmentation (see also [54] ). A more important issue is the maintenance of genetic variation after fragmentation. On the one hand, reduced gene flow among patches could maintain among-patch diversity, potentially facilitating local adaptation (see §3a). On the other hand, smaller populations likely have less adaptive variation and will eco-evolutionary feedbacks on other traits and correlated responses joint evolution of dispersal and other traits seed dormancy in non-dispersing morphs in Heterotheca latifolia [22] mating strategies in prairie chickens : larger clutch size and fewer nests [23] ; evolution of stress resistance in Tetranychus urticae [24] genetic deterioration fitness loss herb: plants from smaller fragments had lower reproductive success in transplant experiments [25] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160037 generate fewer de novo mutations with which to respond to selection. Furthermore, the predominance of stochastic processes in small populations is likely to reduce the role of selective (deterministic) factors. Increased genetic drift will erode standing variation, further reducing the evolutionary potential of fragmented populations. For example, populations of the common frog Rana temporaria showed evidence for higher drift on quantitative traits in fragmented versus unfragmented populations, suggesting that fragmentation may impede future adaptation [55] . However, phenotypic variance of dispersal traits in the plant Crepis sancta was similar in nonfragmented habitats (before adaptation) and urban fragmented habitats (after adaptation) [56] .
Empirical evidence for adaptation to anthropogenic fragmentation
Adaption to anthropogenic fragmentation has only recently begun to receive theoretical and empirical attention. Contrary to the classical view that evolutionary responses are not possible on short time scales, we have now clear evidence of trait shifts following anthropogenic fragmentation. We thoroughly searched the literature for examples of adaptation to both modern, anthropogenic fragmentation and natural fragmentation (Web of Science search for ('adapt* or selecti* or evolution* or evolve*' þ 'fragment*')). Table 1 includes all examples of the former that we were able to find and illustrative examples of the latter. Below we provide further detail for two traits that have been particularly well-studied in the context of fragmentation: plant mating systems and dispersal.
(a) Local interactions drive mating system evolution Perhaps, the best-studied consequence of habitat fragmentation for plants is the impact on plant-pollinator interactions [27] . For many plants, reproduction depends on animal pollinators [57] . Habitat fragmentation has been shown to have a strong, negative impact on the abundance and diversity of pollinators in the remaining fragments (e.g. [58] ). Further, small plant populations are less attractive to pollinators and often suffer reduced visitation [59] . Decreasing pollinator visitation can quickly translate into pollen limitation through reduced pollen deposition or deposition of lower-quality (e.g. self) pollen [27] . Unless species can adapt to the altered pollinator environment, this may lead to losses of outcrossing plant species that rely on pollinators for successful seed set [60] . Impoverished pollinator environments should select for floral traits that either promote outcrossing by the remaining pollinators (e.g. increased floral attractiveness or longevity), or reduce reliance on pollinators, through increased self-compatibility, asexual reproduction or autonomous selffertilization and thus reproductive assurance. Comparative studies of recent evolutionary transitions in anthropogenically fragmented habitat suggest that selfing and a concomitant reduction in flower size evolved three to four times more often than an increase in outcrossing [61] . Similarly, in a review of 17 species from seven families, the mean outcrossing rate was lower in fragmented versus contiguous habitats [62] , although these data cannot distinguish whether increased selfing was an ecological effect of fragmentation or an adaptive response (or both). Experimental evolution, however, showed that pollinator limitation can promote floral trait evolution in fewer than five generations [13] . Experimental populations of Mimulus guttatus without pollinators suffered greatly reduced fitness during the first two generations, but rebounded quickly as they evolved an improved ability to self-fertilize [13] . Although it remains unclear whether these changes would have been sufficient to constitute evolutionary rescue, they do indicate that evolution towards selfing can occur rapidly. Similarly, for naturally fragmented populations of the dune plant Centaurium erythraea [63] , plants in pollinator-poor patches had less herkogamy and a higher capacity for autonomous selfing than plants in pollinator-rich environments. Reduced herkogamy was also found in small, fragmented populations of the gentian (Gentianella germanica) [64] . Reciprocal translocation showed that seed production of selfing plants in pollinator-poor environments was similar to that of outcrossing plants in pollinator-rich environments, but that outcrossing plants suffered severe reductions in seed set when grown in pollinator-poor environments.
Limited mate availability can generate similar rapid evolution towards selfing. Using two types of experimental evolutionary lines of the freshwater snail Physa acuta, controls (outcrossed every generation) and mate-constrained lines (in which mates were often unavailable, forcing individuals to self-fertilize), Noël et al. [65] showed that individuals from constrained lines initiated self-fertilization earlier in life and had purged most of their inbreeding depression compared with controls after approximately 20 generations.
In the most extreme case, organisms may lose their capacity to reproduce sexually and regenerate mainly by vegetative (clonal) offspring, ultimately resulting in a degeneration of life-history traits associated with sexual reproduction [66] .
(b) Dispersal trait evolution at the metapopulation scale
As discussed in §3b, dispersal is a prime target for evolution under fragmentation. We expect a positive relationship between inter-and intraspecific variation in dispersal as fragmentation is expected to sort species and genotypes similarly [67] . However, while community filtering is expected to select for more dispersive clades in fragmented systems, dispersal ability within these generally mobile lineages could show a variety of patterns due to selection both for and against dispersal (figure 2). For example, in wind dispersing plants, colonization selected for dispersal (greater dispersal in young versus old island populations), whereas spatial isolation selected against dispersal (lower dispersal in old island versus old mainland populations) [43, 68] . Reduced dispersal capacity has been observed in naturally and anthropogenically fragmented habitats (table 1) . In Crepis sancta, isolated populations along sidewalks in the city of Montpellier evolved less dispersive seeds within an estimated 5-12 generations of selection [56] . Similarly, spiders inhabiting naturally fragmented salt marshes showed decreased dispersal behaviour as patch size decreased [69] . Common-garden experiments showed reduced dispersal rates in spiders inhabiting dune landscapes where fragmentation had increased due to human activity during the last 20-30 years [69] . In the spider Erigone atra, dispersal mode has been observed to adapt according to seasonal changes in connectivity in relation to agricultural practices [70] . In all cases, selection for reduced dispersal was due to increased mortality during dispersal due to increased risk of landing in an unsuitable matrix habitat.
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Fragmentation can also select for increased dispersal, but empirical evidence for this trend has primarily been found in naturally fragmented landscapes or those subject to ancient anthropogenic fragmentation (table 1) . Actively dispersing arthropods have shown increased investments in thoracal and flight muscle mass [71, 72] , facilitating movement among natural habitat patches. Speckled wood butterflies in fragmented habitat evolved increased perceptual ability along with increased thoracal mass [73] . A particularly well-studied species occupying fragmented habitat is the Glanville butterfly in Finland. Newly established populations are typically the most isolated and contain the most dispersive individuals [74] . Metapopulation dynamics lead to genetic sorting of highly dispersive genotypes characterized by a genotype associated with a fast pace of life [75, 76] . Analysis of historical DNA from museum specimens showed that a now extinct metapopulation occupying a fragmented landscape had evolved increased colonization ability, but nevertheless, suffered from reduced genetic diversity prior to extinction [75] . This suggests that even when adaptation to fragmentation occurs, it may not be enough to fully compensate environmental changes as imposed by fragmentation.
Anthropogenic fragmentation can also affect dispersal via effects on dispersal mutualisms. For example, fragmentation has disrupted seed dispersal networks in South American rainforest [77] . Because palm seed dispersing birds have gone extinct in highly fragmented forests, larger seeds did not successfully disperse away from maternal trees and so experienced increased mortality. Genetic variation in seed size subsequently reduced, and seeds have evolved towards smaller sizes over the past 100 years. Because smaller seeds have reduced seedling survival, palm regeneration has become ecologically constrained. This reveals that adaptation will not always mitigate the negative effects of fragmentation, but in some cases may ultimately exacerbate them.
Knowledge gaps and future directions
This review highlights that adaptation to anthropogenic fragmentation is possible, although the number of empirical studies reporting such rapid evolution is still small. As a consequence, it is difficult to generalize about the evolutionary processes likely to result from fragmentation. While there is substantial evidence that anthropogenic fragmentation erodes neutral genetic diversity [78] , whether it also erodes adaptive diversity is less clear [79] . Better empirical quantification of fragmentations' effects on adaptive potential will, therefore, be an important first step in determining whether adaptive responses are likely.
Evolutionary responses to anthropogenic fragmentation may be dominated by transient adaptive dynamics, which are non-adaptive in the long term, ultimately resulting in an evolutionary trap and extinction debt [80] . For example, a striking empirical result from our review is that anthropogenic fragmentation often seems to select for reduced dispersal, in contrast with the increased dispersal that often evolves as a consequence of natural fragmentation in metapopulations (table 1) . If evolution of lower dispersal reduces patch recolonization, it could endanger the entire metapopulation in the long term [81] . Rapid reduced dispersal observed in urban fragmented habitats could be such an evolutionary trap. Empirical studies at the metapopulation level are needed to test whether genetic responses to fragmentation are generally evolutionary traps, genetic erosion that prevents adaptation or adaptation that rescues fragmented populations. Quantifying the relative strengths of deterministic versus stochastic evolutionary processes in response to fragmentation will require long-term field data or use of experimental metapopulations. Experimental metapopulations are powerful tools to provide proof of concept on how increased connectivity and gene flow can rescue populations faced with changing environmental conditions (e.g. [82] ). Because most theoretical work assumes that metapopulations are at evolutionary equilibrium, many models may not fully capture adaptive processes under anthropogenic fragmentation. Long-term anthropogenic fragmentation events do, however, exist and likely match processes of natural fragmentation. European forests, for example, have been modified and fragmented since the Neolithic times (from ca 6000 BP) and may provide insights into how species have adapted to fragmentation. Given the rapidly increasing fragmentation across the Earth's ecosystems, whether adaptation to anthropogenic fragmentation is common, and whether it can rescue fragmented populations, deserve increased attention in the future.
From a conservation perspective, our review indicates that evolutionary responses to fragmentation need to be embraced in management planning. When fragmentation constrains dispersal among habitat remnants, human assisted dispersal is increasingly advocated to both recolonize empty patches and to shore-up local diversity [10, 83, 84] . As habitat fragmentation induces evolved life-history trait changes, assisted dispersal efforts will benefit from an informed selection of source populations. Source populations should preferably originate from similar environmental conditions to enhance local establishment and persistence [85] , and have appropriate dispersal abilities to preserve the recolonization dynamics of the metapopulation. Overall, this review highlights the importance of taking into account evolutionary processes caused by anthropogenic fragmentation but points out the need to elucidate their ecological consequences.
